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Abstract

Several oxazine laser dyes have been studied at the air/water interface by the surface-
specific technique of second harmonic generation (SHG) spectroscopy. Oxazine 720, cresyl
violet, and nile blue readily form H-aggregate type dimers in aqueous solutions. We report
an SHG study of the air/water interface of aqueous solutions of these water-soluble dyes in
which it appears that the SHG signals originate almost exclusively from the dimers. The
dominance of the dimer in the SHG process holds over a wide range of dye concentration and
monomer-to-dimer ratios. The measurements were carried out with incident laser
wavelengths near 600 nm, which are resonant with the first electronic transition, and include
SHG spectra, solution composition dependence (i.e. dye concentration, salt (NaCl),
surfactant, etc.), and polarization dependence. Addition of salt to the dye solutions increases
the observed SHG signal intensity to a much greater extent (by as much as a factor of 30)
than it promotes bulk aggregation. The SHG polarization dependence, i.€., the molecular
orientation, remains unchanged. This suggests that the dimer concentration increases at the
surface with the solution bulk ionic strength to a greater extent than for the bulk solution.
The high concentration of dimers at the surface is consistent with the results of previous

studies that reveal the less polar nature of the air/water interface relative to bulk water.

! NRL-NRC Research Associate, e-mail: das@ccs.nrl.navy.mil
: Corresponding author, e-mail: jeff.owrutsky@nrl.navy.mil

-1-



I ntroduction

The chemical interface represents a unique environment sandwiched in between two
bulk chemical environments that is clearly different than either bulk environment. Second
harmonic (SHG) and sum frequency (SFG) generation techniques are well established and
popular methods that have provided a great deal of new insight into the physical and
chemical nature of the various types of interfaces."!! One advantage of nonlinear optical
surface studies is that they provides a way to study interfaces that are not accessible by
traditional surface science methods, such as electron spectroscopies, outside the vacuum
environment. For studies of monolayer films, such as Langmuir-Blodgett films on liquids and
thin molecular films on solid surfaces, linear spectroscopic methods, such as transmission
and reflection spectroscopy and ellipsometry can be employed, but SHG is a complementary
approach. For investigating species with a measurable solubility in the bulk, the bulk
contribution often precludes the use of linear spectroscopic approaches to measure surface
properties. Consequently, the surface specificity afforded by SHG spectroscopy provides
perhaps the only optical method to study the molecular structure and dynamics, as in the case
of oxazine dyes at the air/water interface investigated here.

SHG has been used extensively to investigate adsorbates at various types of
interfaces. Second order nonlinear optical mixing processes such as SHG are dipole
forbidden in centro-symmetric media, but the very nature of the interface provides a break in
the long-range symmetry of the bulk and allows SHG to occur. The intensity of the SHG

signal generated at an interface, lsyg, is given by the relation'>"?
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where |, and lsyg indicate the intensities at the fundamental and the second harmonic
frequencies, respectively, Bis the angle between the surface normal and the propagation
direction of the second harmonic, ¥ is the second-order nonlinear susceptibility, &is a
vector quantity related to the electric field of the referenced beam and A is the irradiated area.
The nonlinear susceptibility )((2) and the observed SHG signal can be enhanced if the incident
or generated radiation is resonant with a molecular transition for an adsorbate at the interface
at the fundamental frequency () or at the resulting second harmonic frequency (2w). If the
substrate response and non-resonant molecular terms are small by comparison, )((2) can be
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where N; represents the surface concentration, Ly, 12, and U, are the linear transition
dipole moments for transitions 0 - 1, 1 -2, 0 -2, and @y and [ are the transition
frequency and dephasing rate for transitions from the ground state to states n=1, 2.
Results from SHG studies have yielded information about equilibria and molecular
structure for interfaces and adsorbates.' For example, some properties for air/liquid

15,16

interfaces, such as polarity, as indicated from measured solvent shifts, ™ are close to the

average of the two bulk phase values. Several studies, including those of surface pK, suggest

that charged species are not easily accommodated at the surface.'®

For some dynamical
process, such as isomerization and rotational reorientation, the rates at the interface depend

on specifics of the adsorbate geometry, interfacial solvation and the molecular motion. For
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example, rotational relaxation was measured to be slower for malachite green (MG)21 and
rhodamine 6G (R6G)* at air/ liquid interfaces but faster for eosin B.%

Aggregation is well known to take place for many cationic dyes in water and has been
more extensively studied on solid surfaces or for insoluble films than for soluble species at
the air/water interface. Dye aggregates are an integral component of many imaging and light

425 and solar energy conversion.”**’ They are

conversion applications such as photography
used to sensitize semiconductor materials such as silver bromide nanocrystals for color
photography by adjusting the large bandgap of the semiconductor. Aggregates have also
been used in the photocatalytic remediation of waste water streams.”*

The exciton theory of dipole-dipole coupling can be used to relate the distance and
relative orientation of monomeric dye molecules within an aggregate to the electronic
structure and to the resulting spectral shifts (and transition moments) of the alggregalte.30'33
For a dimer composed of two monomer units with parallel transition moments, the first
excited singlet energy levels of the dimer are split into two levels, one lower (S°) and one
higher (S") in energy than the first excited singlet state of the separated monomers. The
allowed transitions and observed dimer band position relative to the monomer depend on O,
the angle between the center of separation and the monomer transition moments. For
“sandwich-type” H-aggregates, 54.7° < © < 90° (at @ = 90°, the monomer dipole moments
are aligned parallel), and only transitions to the S energy level are allowed and the resulting
absorption band is blue shifted from the monomer. For J-aggregates, © < 54.7° (at 0°, the

monomer dipole moments are aligned end-to-end), only transitions to the S” energy level are

allowed and the absorption band is red shifted.**>* For H-aggregates there is rapid internal



conversion of population in the S™ energy level to the S” singlet level, such that the
fluorescence is greatly reduced as reported for cresyl violet.>*>¢

The aggregates of the oxazine laser dyes have been a focus of research owing to the
potential industrial applications of the aggregate’s strong absorption bands in the visible.
The physical properties of the oxazine dye family have been extensively studied due to the
long-term stability and the high quantum yields of the oxazine dyes as laser dyes. The
structures of nile blue, cresyl violet and oxazine 720 are shown in Figure 1. Gvishi and
Reisfeld”’ reported a dimer equilibrium constant (K4 = [M]%/[D]) for oxazine 720 (170)>* in
aqueous solution of K4 =2.0 + 0.5 x 10° M. Herkstroeter et al.* reported that the dimer
equilibrium constant was several orders of magnitude higher for oxazine 720 than for
oxazine 725 (1). Oxazine 725 and LD690 (oxazine 4) have a different backbone structure
than nile blue, cresyl violet and oxazine 720; the former two are missing the fourth aromatic
ring that breaks the C,y molecular symmetry. Consequently, these two molecules are less
hydrophobic which is the most likely reason why they do not form dimers as readily.
Herkstroeter et al.>” also pointed out that a quantitative measurement of K4 for oxazine 720
was complicated by adsorption on the glass surfaces of the cells used; they did however
report that K4 was in the range 10™ - 10° M, which is consistent with the value of Gvishi and
Reisfeld.”” The relative propensity to form dimers for several dyes was reported by
Morozova and Zhigalova:** nile blue > R6G > oxazine 725.

Adding various species to a solution can alter the dimer equilibrium constant.
Surfactants can be used to dissociate dimers resulting in a dye solution consisting almost
entirely of monomers.*® The addition of salt to the solutions has been observed to cause

changes in the extent of dye aggregation, or what is called the salt effect.*’ In measuring the
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fluorescence quantum yield of cresyl violet in water, Isak and Eyring® observed that the
addition of salt, in this case potassium iodide, enhanced the formation of aggregates at
concentrations above 10 M and that the salt quenched the fluorescence of the dye solution.
Niiesch and Gritzel* reported that adding NaCl (1.8 M) increases K4 by a factor of two for a
mericyanine dye. Das et al.*® studied the effect of salts on air/water adsorption of para-
nitrophenol (PNP) using the SHG technique and pointed out that the effect depends on the
specific salt used. Those with small electrolytes (LiCl, NaCl) exhibit a "salting out" effect
which decreases the bulk solubility and AG,g4s. Salts comprised of larger ions, such as LiClO4
however, can have a "salting in" effect of increasing solubility and AG,4s. The salt effect was
utilized by Levinger et al.* who measured surface SHG spectra at the air/water interface for
the indocyanine dye / biological stain IR-125. The bulk spectra were altered by salt (CaCl,),
which induced the formation of aggregrates. The absorption shifts observed are more
consistent with the formation of B-aggregates. Their resonantly enhanced near-infrared
(NIR) SHG spectra resembled the bulk spectrum with salt, providing a way to identify that
the aggregate is responsible for the surface SHG spectrum.

The properties of the oxazine dye aggregates at liquid/solid interfaces have been of
interest for the last several decades. It was suggested some time ago that solar light
harvesting with wide bandgap semiconductor photoconductors may be improved by covering
the semiconductor with dyes to expand the wavelength range. Oxazine dyes have been
identified as viable candidates and investigated for this purpose. One of the primary issues is
the effect of dye aggregation at the solid/liquid interface and this has been studied recently

4548

for cresyl violet by Kamat and coworkers and for nile blue by Nasr and Hotchandani,*

both on SiO; and SnO; particles. The dyes form dimers (H-type aggregates) on the particles
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in aqueous solution. The spectra reported for dimers at these solid/liquid interfaces are
similar to those observed in bulk solution except for a small spectral shift to the blue on the
SnO; particles. The measurements included ultrafast studies of the excited state dynamics as
well as the measurement of electron transfer rates to the semiconductor support.

In this study we report SHG studies of nile blue (NB), cresyl violet (CV) and oxazine
720 (0X720) at the air/water interface. The results include measurements of the SHG spectra
in the region near 600 nm, and the dependence of the SHG signal intensity on bulk solution
composition and the input laser polarization. The oxazines are soluble in water, so the surface
coverage is governed by the adsorption equilibrium between the surface and the solution
which depends on the solution composition. The behavior of the dye at the surface can be
compared to that in the bulk to provide information about the aqueous surface properties.
Previous studies in this regard have been reported, such as those on aqueous surface
adsorption kinetics, pK, and polarity changes with respect to the bulk, and the results indicate
that the air/water interface is less accommodating of charged or polar species than is the
bulk 2715-2043.5051

The SHG intensity depends on both the molecular orientation and concentration at the
surface. The SHG polarization dependence can be used, typically accompanied by
assumptions about the dominant hyperpolarizibilities and the orientation distribution
function, to derive relative molecular hyperpolarizabilities and mean orientation angles for a
species present at an interface. By measuring the SHG polarization dependence it should be
possible to distinguish between orientational and concentration effects on any observed
changes in the SHG signal intensity. Orientational information can also be determined for

thin films on solids or liquids by polarization-resolved linear reflection or transmission



12,4,13,19, 52-62
E IS that have been

spectroscopy. There are numerous SHG orientation studies
reported, many of which have been the subject of several reviews.®'® Heinz et al. reported
the measurement of the average orientation for rhodamine dyes on silica' and for
p-nitrobenzoic acid at the air/silica and the ethanol/silica interfaces’. The polarization
anisotropy of SHG measurements made on methylene blue, both chemisorbed” and
physisorbed™ on solid surfaces by Corn and coworkers showed the general ability of the
SHG technique to provide orientational information for differing molecules and substrates
even at sub-monolayer surface coverages. Recent studies of dyes on silica using SHG have

54,55

been reported by Leach and coworkers. and by Meech and Morgenthaler.” Studies by

1.2 and by Antoine et al.” have used SHG to measure rotational relaxation

Eisenthal and et a
rates of molecules at the air/water interface. The solvation dynamics of courmarin 314 by
Zimdars and coworkers®”® have shown that the relaxation times are dependent on the
orientation of the molecule at the interface.

SHG results are reported here for aqueous solutions of several oxazine laser dyes.
These dyes form aggregates in bulk solution and based on the results of the various SHG
measurements we interpret the SHG signal as being almost entirely due to the dimers. This
conclusion is consistent with previous observations for organic molecules at the air/water
interface which indicate that hydrophobic species preferentially adsorb at the surface. Since

the dimer is more hydrophobic than the monomer, it should be the preferred species residing

at the surface.



Experimental

All laser dyes were obtained from Exciton as the perchlorate salt and were used
without further purification. All solutions were prepared with deionized water and
commercial grade NaCl without further purification. Bulk linear absorption spectra were
recorded on a Hitachi U3000 recording spectrometer using a 0.2 cm thick quartz cell or a
Spectral Instruments Model 420 CCD array spectrometer with a 1 cm path length dip probe.

A 6.3 x 10™* M aqueous stock solution of each dye was prepared by adding solid dye
to a volumetric flask, adding sufficient deionized water and sonicating the solution for 30
minutes. The effect on both the bulk aggregation and the surface SHG signal intensity for a
variety of different solvents and additional solution components were studied. All
compounds were of reagent grade or better and used without further purification. Methanol
and ethanol solvents were used in addition to aqueous solutions. For additional solution
components, two salts, sodium chloride (NaCl) and lithium chloride (LiCl), and two
surfactants, Triton X-100 (Fisher Scientific), and polystyrene sulfonic acid (Polysciences,
sodium salt) were used. For all measurements reported in this work, unless otherwise noted,
the bulk solution is aqueous, any salt used is NaCl, and the surfactant is Triton X-100. The
surfactant was added by transferring a small amount of the neat solution to the sample vial on
the tip of a disposable pipet and stirring the solution.

The output of a Nd:YAG laser (532 nm, 10 Hz, 10 ns pulse width, Spectra-Physics
DCR-2A) pumped dye laser (Quantel TDL-50) was used to produce tunable laser radiation
over the wavelength range 560 — 660 nm for the second harmonic measurements. The laser

dyes DCM, Rhodamine 590 (R6G), 610, and 640 (Exciton) in methanol were used in the dye



laser to provide the necessary wavelength coverage. Nanosecond pulse-width SHG
measurements were made using pulse energies of 1 — 10 mJ. The 5 mm dia. unfocused laser
beam was directed at the sample at incident angles of 33° and 60° with respect to the surface
normal by a fused silica (FS) 90° prism. The fundamental and second harmonic (SH) light
reflected from the surface were spatially filtered from any lower surface reflections and
directed by a second FS prism into a FS Pellen-Broca prism to spatially disperse the
fundamental and SH. Any remaining fundamental was removed by a color filter (Corning
7°54). The SH was sent into a 0.125 m monochromator (Jarrall-Ash) and a photomultiplier
tube (PMT, RCA 1P28). Both the monochromator and additional color filters were used to
discriminate between SH light and fluorescence from the bulk solution. The output from the
PMT was sent to a digital oscilloscope (LeCroy 9400) and averaged for 200 - 500 shots.
Signals were observed that were much broader spectrally than the SHG signal; these were
attributed to two photon fluorescence and subtracted from the measured intensity to obtain
the SHG signal.

In order to measure SHG spectra for wavelengths shorter than 560 nm, a Q-switched,
mode-locked Nd:YAG laser pumped OPG/OPA (Continuum) was used. This system
provided 100 pJ, 80 ps pulses at a 10 Hz repetition rate which are tunable over the range 450-
700 nm. The laser beam was focused onto the sample with a 10 cm focal length lens.

For the study of bulk composition on the measured SHG signal intensity and the
polarization anisotropy, a laser system producing 500 fs pulse width, 20 W pulses operating
at a one kHz repetition rate was used. Tunable frequency pulses were generated by a
homemade optical parametric amplifier (OPA) pumped by the frequency-doubled output

(400 nm) of a regeneratively-amplified Ti:Sapphire laser system. The OPA is seeded by a
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continuum pulse, which is generated by focusing a small fraction of fundamental (800 nm)
into a 3.2 mm thick piece of sapphire. Tunable (530-680 nm) OPA pulses (=20 WJ) are
generated by combining the 400 nm pump and continuum pulses into a 0.4 mm, type | BBO
crystal. The OPA pulses are separated with a color filter and a polarizing beam splitter cube
and then focused with a 15 cm focal length lens on the sample. The same detection
arrangement was used for the other two laser sources except a FS 60° prism was used for
dispersing the fundamental and SH beams.

For the polarization dependence measurements, the input polarization angle y with
respect to the plane of incidence was controlled over the range p-polarized (y= 0°) to
S-polarized (Y= 90°) by rotating a half-wave plate and polarizing beam-splitter prior to the
sample. A UV-absorbing color filter (Corning 3-69 for example) was placed between the
polarization optics and the sample to eliminate the SHG generated by the half-wave plate. A
UV polarizing beam-splitter cube was placed in the beam prior to the 60° prism to resolve the
sand p components of the output signal. For all except the polarization dependence studies,

the Isua,pp, Intensity was measured, where the first and second subscripts refer to the output

and input polarizations, respectively.
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Resultsand Analysis

A. Bulk Absor ption

Effective extinction spectra of NB perchlorate in water at three different dye
concentrations are shown in Figure 2. The series of spectra clearly shows the increasing
prominence of a new absorption band on the short wavelength (blue) side of the dye
monomer absorption with increasing dye concentration. These blue shifted bands have been

35,37,39,45,47

previously assigned to the formation of H-type dimers.

Following the method of Selwyn and Steinfeld® and Rohatgi and Mukhopadyay64 as
applied to OX720 by Gvishi and Reisfeld, >’ the absorption spectra were analyzed to extract
values of K4 for the dyes NB, 0X720, and CV. The monomer and dimer concentrations can
be expressed in terms of the starting monomer concentration M, and X, the fraction of
remaining monomer species, such that [M] = XM, and [D] =(1-x)M, /2. Kqis then given

by:

K. = [M] _2M X’

D] T 1-x ©)

The measured absorption spectra were converted to effective extinction spectra

(& A) = A(A) / M,). A sufficiently dilute solution (<10 M) with a negligible dimer
contribution (as determined by finding no change in the spectral shape upon further dilution)
was used as the reference effective extinction spectrum for the monomer, &u(A). The
monomer spectrum was then mathematically stripped from a more concentrated extinction

spectra to extract an unperturbed dimer spectrum (€p(A)). Spectra for additional
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concentrations (<10~ M) were then fit as a linear combination of the two limiting cases in

terms of X:
£ (0 = 16, (1) + 100 @

The results of the analysis for NB are also shown in Figure 2. The peak wavelengths for both
the monomer and the dimer bands for all the dyes studied are reported in Table 1. These
measurements were also made for the same dye solutions with salt added. Another approach
can be used in which a few drops of surfactant are added to the sample to dissociate the
aggregates and convert all of the dye into monomer. Our Ky value for OX720 agrees with the
value reported by Gvishi and Reinfeld.’” The change in Kg is similar to what was observed
previously with salt.** As was discussed above,*> a quantitative measurement of K for the
oxazine dyes is complicated by adsorption on the glass surfaces of the cells used. Our
measurements show that K4 for OX720 is about 5 times smaller than for NB which is about
three times smaller than for CV.

Adding salt (NaCl) to aqueous solutions of dye molecules effects the extent of
observed aggregation®®**. In the case of the oxazine dyes in this study, the addition of salt
leads to a decreased effective association constant as seen in the bulk absorption spectra (not
shown). The degree of aggregation (1-X) increases upon the addition of salt (£ 0.1 M) to the
dye solutions such that the (normalized) spectrum Eg(A) / E¢(max) resembles what is
observed for a solution without salt but with an approximately 2-3 times higher dye
concentration. The values for samples with salt added, but otherwise identical, were also

measured and the Ky results are given in Table 1.
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Above a critical salt concentration, aggregation in the dye solution increases to the
extent that it becomes visibly cloudy due to the formation of macroscopic sized aggregates.
The salt concentration for this to occur was determined for the dye solutions so that the
optical studies could be carried out at concentrations low enough to avoid precipitation.
Also, comparison of the relative association constants Kgq with the amount of salt that induces
precipitation for the dyes may address whether K, is primarily determined by solubility. NB

precipitates more readily than the other two dyes. When the salt concentration reaches a
certain level (0.1 M), the NB dye solution (3 X 10 M) completely converts to macroscopic

aggregates within thirty minutes, CV shows initial signs within thirty minutes and completely
converts within several hours. OX720 shows only a slight indication of macroscopic
aggregation even after a period of several days. The SHG signals were also monitored as a
function of salt with similar results. The signal increased and then decreased with salt. The
salt concentration at which the signal decreased was 0.012 for NB, and 0.12 M for CV and
0X720. NB precipitates first, but Kq4 is larger for 0X720.

The absorption spectra of two other oxazines, oxazine 725 and LD690, were also
measured and showed no sign of bulk aggregation in methanol and water, with or without

salt, even at the limit of the dye solubility in water.
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B. Dye SHG spectra at theinterface

Aqueous solutions of NB, 0X720, and CV all exhibited measurable SHG signals both
with and without salt for laser wavelengths near 600 nm. For CV without salt, the signal was
close to the detection limit. Surface absorption spectra for these three dyes with salt were
collected with the SHG technique using both the nanosecond and picosecond laser systems
described in the experimental section. The SHG signals were recorded as a function of
incident laser wavelength and the results are plotted in Figure 3. The linear bulk absorption

spectrum is also shown for reference at both the fundamental (w) and two photon (2 w)
wavelengths. The relative SHG amplitude, Eg,, U/l » 1 plotted rather than the signal

intensity to compare directly with the wavelength dependence of )((2) (as depicted in Equation
2). The SHG spectra exhibit only a single absorption feature which is attributed to the
aggregate. The absorption feature is red shifted from the aggregate in the bulk linear spectra.
The SHG spectra were fit to a Gaussian profile and the peak center frequencies and widths

are reported in Table 1.

C. Effects of bulk solution composition on the interface from SHG measurements.
The dependence of the SHG signal on the bulk concentration of the dye was

measured for NB and OX720 using the ultrafast system described in the experimental

section. CV was not measured because the SHG signal was near the detection limit and

barely distinguishable from the bulk (two photon) fluorescence induced by the laser. The
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concentration dependence of the SHG signal intensity for each sample was then fit to a

Langmuir isotherm in a similar manner to the methods of Das et al.* and Haslam et al.”’

The functional form of the isotherm is given as: 8366
9 = D )
(1+kD)

where O represents the surface coverage in terms of a monolayer, Sis a scaling factor, D is
the bulk concentration of the observed species, and K is the surface adsorption equilibrium

constant. Since lgyg [ Dz, The experimental data is fit using,

lspo = 6° (6)

As will be presented in the discussion, the SHG signal arises only from the dye aggregate and
the appropriate concentration to use is therefore the dye aggregate concentration [D] and not
the monomer. The dimer concentration, [D], is determined for each initial monomer
concentration using the bulk K4 value determined in the previous sub-section. A nonlinear
fitting routine was used to fit the experimental data to the isotherm model and extract a value

for k. The adsorption free energy is given by, AG,, = —RT InK where K =55.5xk 433031

The values determined for AG,4 are reported in Table 2. The NB isotherm is shown in Figure
4a. The inset in Figure 4a shows the isotherm plotted against the uncorrected bulk monomer
concentration for comparison.

SHG studies were also carried out for modified or similar dye solutions. This includes
adding components as well as solutions composed of other oxazine dyes and other solvents.
The addition of the surfactant Triton X-100 had the most dramatic effect on the SHG signal

intensity, which was reduced to below our detection limit. Similar results were observed
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using polystyrene sulfonic acid. The dimers are almost completely eliminated in the
surfactant-modified dye solutions. This is evident from the linear spectra in which the dimer
bands disappear and a single absorption band near that for the monomer remains with higher
absorbance. The bands are red-shifted (by as much as 20 nm) relative to the monomer peaks
for the solutions without surfactant. The correlation between the surfactant effect on the SHG
signal intensity and the change in the bulk absorbance spectrum suggests that the SHG signal
is due to the aggregate species alone. This conclusion is supported by our result that no SHG
signal was observed for aqueous solutions of oxazine 725 or LD690 nor for NB, CV or
0X720 in methanol or ethanol solutions, even when salt was added.

The dye concentration dependence of the SHG signal for NB, OX720, and CV was
also measured in the presence of salt. The experimental data was fit to an isotherm model
and the AG,q4 values for the salted samples are also reported in Table 2. As was noted in the
determination of the bulk K4 values, the addition of salt to the bulk effectively increases the
value of K4 by a factor of 2-3. The modified K4 were used to calculate the dimer
concentrations. The salted NB isotherm is shown in Figure 4b. Unlike the isotherms for the
unsalted dye solutions, the SHG signal does not increase monotonically to a limiting value.
Instead, the SHG signal rises with increasing dye concentration to a maximum value and then
decreases. A similar effect was observed by Sarkar et al.” for the addition of the water-
soluble surfactant cetyltrimethylammonium bromide, CTAB, to aqueous solutions of PNP.
In the case of CTAB, the decrease was attributed to a decrease in surface ordering due to the
increased surface coverage of PNP, or from the raising of AG,4 for the sample upon the

addition of CTAB.
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D. SHG Polarization Dependence and Molecular Orientation

The polarization dependence of the SHG signal intensity, Isyg, can be used to
characterize the orientation and relative hyperpolarizabilities of a species at the surface."'*"?
Measuring the polarization dependence helps to discriminate whether changes in Igyg as a
function of the bulk solution composition result from changes in the concentration,
orientation or nonlinear optical properties. The observed signals depend on the angle of
incidence, 6, and the input laser polarization angle, y, where y= 0° corresponds to
p-polarization. For a molecular orientation that is isotropic about the surface normal, as
expected for an air/water interface system, there are five nonzero second-order
susceptibilities, Xzzz, Xzxx, Xxxz» Xzzx, and Xzxz, where Xzzz, Xzxx, and Xxxz are unique.
The (2) superscripts indicating second-order terms of the various tensors have been dropped
at this point in the manuscript for clarity. The S-polarized (Isuc,) and p-polarized (Isug,p)

output SHG intensity can be expressed in terms of the input laser intensity /, as (the SHG

subscript will be dropped from this point for clarity):

|, Oy sin2y yyx,| (1,)° (7a)

|y D@, s + 8 Hoxx + 84 £222)COS” Y + Ay sin® Y (1,)? (7b)
The coefficients a; - as represent the electric field components at the surface.'™>**"*® They
are the products of the linear and nonlinear Fresnel factors and as well as the geometric
factors and include the dielectric constants for the bulk and interfacial phases. The

susceptibilities and any derived quantities, such as orientational parameters, are actually
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effective ones if the optical constants are not determined, as in this case.”>® Since we are
unable to obtain linear surface spectra for our samples, for the present analysis, the interfacial
dielectric constant is assumed to be close to an average of the bulk values

(&(w) = &2w) = 1.2), and the parameters obtained are to be considered effective values.

The SHG polarization dependence was measured for all three oxazine dyes in water
both with and without salt. The results for OX720 (6 x 10 M) with 0.1 M NaCl and for NB
(3 x 10 M) are shown in Figure 5. The data were fit to the form of Equation 7 to derive the
relative X's. In many cases only |, | and |45 were measured. In cases where | 45 was
detected, |5, and | were also measured to confirm that the signals were due to SHG. The
results are shown in Table 3. The polarization anisotropy measurements for all the solutions
exhibited the same qualitative behavior: |,s = 1.5 X |, and |, (all ) >> l54s5. The s-polarized
output was so weak that in several cases it was not detectable. In these cases, a value of
I, =20 |5 45 was assumed. The results presented demonstrate that increasing the concentration
of the dye or adding salt to the solutions is not accompanied by any large changes in the
polarization dependence even thought the Isyg magnitude does increase substantially. This
can be seen more clearly by analyzing the data to obtain microscopic molecular parameters.

The macroscopic susceptibilities are related to the molecular hyperpolarizabilities ()

by the transform function Tijk;j(¢,6,0) such that'”
Xux = Ns Z <Tl.lKijk (6,9, 5)>ﬁijk (8)

where Tiykij(@ 6,0) depends on the Euler angles for the molecular orientation at the surface.

The angle Gis the angle between the molecular z-axis (the short, in-plane axis for the oxazine
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dyes) and the surface normal, Jis rotation about the z-axis, and @is the azimuthal angle,
which for our case is assumed to be a random, isotropic distribution. Two factors (in
addition to the assumptions for the dielectric constants) that strongly affect the derived
microscopic parameters are the following: 1) how many and which B's are significant, and; 2)
the orientational distribution function. In principle, all three unique, non-zero B's can
contribute significantly, but the analysis is simplified if this number can be reduced to one or
two. It has been shown that when one fis dominant it is reflected in the relative values of
the )('s.69 If Xzzz 1s dominant, then Xzxx = Xxxz, and if Xxxz (or Xzxx) is dominant, then Xzzz
= -2 Xzxx (or Xzzz = -2 Xxxz)- Neither of these conditions is satisfied by our results (within
the range of reasonable values for €), so two B's are assumed to be significant. It would be
preferable to have ab initio calculations to guide the choice of B's, but we will follow the
precedent established in previous studies of aromatic dye molecules that the relevant
hyperpolarizabilities are Bzxx and Bxzz. The basis for this is that the most likely transition
moments (So-S; and Sy-S;) are expected to lie in the plane of the molecule. Bzxx and Bxzz
were assumed to be dominant in earlier studies for nominally planar aromatic dye molecules,
such as for eosin B,lg’23 rhodamine 110,60 MG,54 R6G.> Corn and coworkers carried out

5233 and found these

calculations of the hyperpolarizabilities in their studies of methylene blue
to be the dominant ones. The dominant B's for the dimer are also assumed to be the same as
for the monomer. This does not seem unreasonable for sandwich-type (or H-type aggregates)
dimers for which the transition moments are aligned.

Equation 8 can be used to derive molecular parameters for the orientational

distribution and the relative f's, depending upon assumptions for the former. In the present
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study, where Bzxx and Bxxz are dominant, the ratio of these hyperpolarizabilities, f3,, is given

by

B = Bxxz — Xzzz *+2 X xz 9)
' Boxx  Xzzz * 2X2xx

This ratio indicates whether these hyperpolarizabilities are both significant. The results
presented in Table 3, for all of which 0.19 < 8. < 0.42, indicate that both B;xx and Bxxz
contribute to the signal for the solutions investigated. The orientation parameter, D(6),

which can also be obtained from Equation 8, is given by

< COS3 6 > — YXZZZ +4XZXX +2XXXZ

D) = (10)

<cosf > 3XZZZ+4XZXX+ZXXXZ

where the brackets denote the distribution average. The general solution for D(6) is
expressed in terms of the distribution of the angle d by the parameter Y =3 - <cos2 o) >_l A

random distribution in dis sometimes assumed in the literature and this assumption yields the
same expression for D as 0 = 45° for which Y= 1). The angle 6 obtained from D depends
on the distribution assumed for this angle. The values for a narrow distribution for = 0° and

for 0= 45° (which is the same result as for a random distribution) are presented in Table 3.
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Discussion

Several types of SHG studies were carried out for three of the oxazine dyes at the
air/water interface. The interpretation of the results is that the surface SHG signals
measured are due almost entirely due to H-aggregate dimers at the interface. The same
conclusion was reached by Levinger et al.* to explain the SHG spectra they measured for the
water-soluble dye IR125 at the air/water interface. For the present work, the case is
strengthened by results of additional SHG measurements. The SHG spectra appear to be due
to a single species; they are narrower and slightly red-shifted compared to aggregates
observed in the bulk. The SHG signal and the degree of aggregation in the bulk depend on
the solution composition in the same way. Both the SHG signal intensity and the value of K4
increase upon adding salt and the opposite is observed when surfactant is introduced. Also,
no SHG signal was observed for the oxazines with only three aromatic rings (OX725 and
LD690) that do not observably aggregate in the bulk. The SHG polarization dependence
does not depend strongly on the dye concentration nor on the presence of salt, suggesting that
the signals originate from the same species regardless of solution composition. The
following remarks are intended to develop the interpretation that the results can be explained
in terms of the signals arising solely from H-aggregates and to demonstrate consistency with
previous results and the conclusions regarding air/water interfaces.

As described in previous bulk absorption studies, CV, NB, and OX720 readily form
H-aggregates in aqueous solutions. Bulk solution absorption measurements are reported, and
the corresponding K4 values obtained are listed in Table 1. They are in agreement with

previous studies. Adding salt (€ 0.1 M) increases K4 by a factor of 2-3 for the dyes. 0X725
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and LD690 do not aggregate to nearly the same extent. CV, NB, and OX720 have a fourth
aromatic ring in the backbone structure that is missing in the other two oxazines. The added
hydrophobicity from the fourth ring in NB, CV, and OX720 most likely accounts for their
stronger tendency to form dimers. The relative K4 values correlate with the expected
hydrophobicities of the dyes: OX720 > NB > CV. Upon examining the salt effect on the dye
solutions, we found that NB precipitates at a lower salt concentration but OX720 has a higher
Kq. The trend for precipitation is opposite to that for aggregation, indicating that the
observed aggregation is not simply due to a reduction of dye solubility in salted versus
unsalted solutions.

In considering whether to expect more dimer or monomer for the oxazines at the
surface (relative to their abundances in the bulk) it is useful to point out that previous studies
of adsorbate properties suggest that the air/water interface is less polar than the bulk aqueous
phase. This is supported by concentration dependence measurements of the SHG signal
intensity which yield adsorption free energies, AG,q4, for various molecules. Phenols are
probably the most extensively studied soluble species at aqueous interfaces. AG,q for PNP is
about -6 kcal/mol, '***° whereas for the less polar p-heptylphenol, AG,4 is -9.3 kcal/mol."’
Similarly, pK, values determined for surface adsorbates are higher for acids and lower for
bases, both suggesting that the neutral form is preferred at the interface.'”° These results
indicate that the polarity of the surface layer is lower than that of the bulk solution. Studies
in which solvent shifts were measured for solvatochromatic dyes at air/liquid and
liquid/liquid interfaces, including the air/water interface, by Wang et al. also directly support
a surface polarity that is lower than the bulk.'>'® The observed shifts and the corresponding

interface polarity are approximately equal to the average value of the polarities for the two
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homogeneous phases that comprise the interface. Oxazine dyes are water soluable and
therefore the effects of additional equilibria must also be considered. In addition to the
equilibrium in the bulk between dye monomer and dimer, the individual adsorption
equilibrium for the two species and the surface aggregation equilibrium must be considered.
In this study, the resulting SHG signal intensity appears to derive almost exclusively from the
aggregate, which implies relative values for constants of the various coupled equilibria must
exist. Dimer adsorption is favored over monomer adsorption (AG,d mono > AGad dimer). Also
the surface aggregation equilibrium must favor the dimer more strongly than in the bulk
(Kdsurf < Kapuik)- Additionally, the oxazine dimers are less polar than the monomers and
therefore they should be the predominant species at the surface for the dye solutions.

The bulk composition results from this study include measurements of the SHG
signal intensity as function of dye concentration as well as for the addition of other
constituents to the bulk solution. The SHG signal intensity and bulk aggregation correlate
with solution composition changes and this provides evidence that the SHG signal is due to
dimers at the interface. A complication is that for some compositional changes, increased
monomer adsorption would also be expected. The surfactant Triton-X is very effective at
dissociating the dimers and producing a solution which consists almost entirely of dye
monomer. The observed SHG intensity is eliminated by the surfactant and this implies that
dimers are responsible for the SHG. However, the surfactant may simply cover the surface
and crowd out all other species. In this case, the observation would not yield any information
regarding the nature of the surface species. We were also unable to detect SHG signal from
aqueous solutions of the other oxazine dyes (OX725 and LD690) or from methanol and

ethanol solutions of any oxazine. From absorbance measurements, few if any dimers are
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formed under these conditions. SHG is not detected for the oxazines under circumstances in
which SHG should be observed if the signal were due to the monomer. Once again, these
observation are similar to those reported by Levinger et al.** who detected little or no SHG
from IR125 in methanol or acetone which provide a poor aggregation environment.

Our concentration dependence results yield fairly large magnitude values for AG,q
(-9.7 to -14.6 kcal/mol). An isotherm model, using the dimer concentration [D] as the
concentration, was used to calculate the value of AG,q. The dimer concentration was
determined using Equation 3 from the initial dye concentration [M,] and K4. The AG,q4
values for NB and OX720 are —9.7 and —10.4 kcal/mol, respectively, and these are slightly
more negative than the value reported for p-heptylphenol.'” Adding salt (0.01 M for NB and
0.1 M for OX720 and CV) decreases the AG,4 for NB and OX720 by 4.4 and 4.2 kcal/mol,
respectively. The value for CV with salt is considerably higher (-9.7 kcal/mol) than for the
other two dyes with salt. This may be due to the somewhat lower hydrophobicity for CV
which would reduce the driving force for the solution to push the dimer to the surface. Salt
increases the SHG signal intensity and it also promotes aggregation in the bulk, probably for
the same reason. But as reported by Das et al.,*> even for monomeric organic species, such
as PNP, salt can reduce AG,q4 values. Correlating the salt effect for bulk dimer and surface
SHG is therefore not a clear demonstration that dimers at the surface are causing SHG. The
isotherms for the dyes alone increase monotonically. The samples with salt increase to a
maximum value and then decrease 30-50% of the maximum value upon further addition of
dye or salt. This effect was observed both when salt was added while maintaining a constant
dye concentration and while adding dye to a constant salt concentration. The decrease at

higher concentrations may be due to the formation of higher aggregates that do not generate
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SH at these wavelengths as efficiently as the dimer. Increasing the salt or dye concentrations
much beyond the point where a decrease in the SHG signal is observed resulted in formation
of macroscopic particles of precipitate.”

The salt effect on the oxazine SHG signals is quite dramatic. A strong increase is
observed for low salt concentrations. The largest signal enhancement is observed for a
concentration of about 0.1 M for CV and OX720 and 0.01 M for NB. This is a much lower
concentration than those used in previous studies investigating salt effects on Kq (1.8 M),*
and surface adsorption (3 M).* Adding salt to the oxazine solutions increases the observed
SHG signal to a greater extent than it increases the dimer concentration in the bulk. In the
latter case, K4 increases by about a factor of 2-3."" The SHG signal increases by as much as a
factor of 30 (for CV) and by more if the dye concentration is low (relative to that for the
maximum SHG without salt — See Figure 4). If this effect were solely due to a change in N,
the surface dimer concentration, then it would imply that N is higher by a factor 5.5, as
lspg U st. Since there is no strong observed concentration or salt effect on the orientation
based on the polarization dependence studies, it is not unreasonable that all the changes in the
SHG signal intensity associated with the changes in the solution composition are in fact due
to changes in NS.72

The results for the SHG spectra and polarization dependence indicate that the signals
are due to a single species. There have been few previous studies that include reports of
SHG electronic spectra for soluble adsorbates at the air/water interface. Those studies that
have been made include the work of Wang et al.'>'® for solvachromatic dyes and by Levinger
et al. for IR125,44 both of which have been described above. In the latter case, the SHG

spectra clearly indicated that aggregates were responsible for the SHG signals. The SHG
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spectra closely resembled the bulk solution spectra of the aggregate, which were substantially
different than the monomer spectra.

In the present work, it is not as straightforward to ascribe the SHG signal to the
monomer or dimer based on the spectra alone. This is because the SHG signal bands are
slightly red-shifted as compared to the dimer spectrum in solution. If the polarity is lower at
the interface, one might expect the surface bands to be blue-shifted instead. The SHG
spectra measured for the oxazines, shown in Figure 3 for solutions with salt, indicate that
SHG arises from a single species. In each case, the band consists of a single peak that falls
between those for the monomer and the dimer in solution. Comparison shows that the SHG
bands are considerably narrower (about 80 nm FWHM) than the absorption spectra for the
bulk solution also shown in Figure 3.” The SHG spectra appear to be primarily due to a
resonance with the incident beam near the first electronic absorption of the dyes. There is no
increased signal on the short wavelength edge of the bands that might arise from a resonance
at the second harmonic frequency. The relevant portion of the dye UV absorption spectrum is
also plotted in Figure 3. In an early SHG study of NB on silica, Marowsky et al.” found a
marked increase in the SHG signal as compared to R6G due to a resonance at both the
fundamental and the second-harmonic frequencies. If the difference between the present
study and that of Marowsky et al.”* does not simply arise from the differing substrates (water
versus silica), another explanation could be that our signals are from dimers and the NB on
silica SH signals are from the monomer. This might explain why the susceptibility is
dominated by the first electronic transition (with @) in our case and there is a significant
contribution from the higher transition in the UV (with 2w) in the results by Marowsky

et al.”* The oxazine SHG band centers measured were in between those in the solution for
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the monomer and dimer band positions. For NB, the band is very close to that for the
solution dimer, for OX720 it is nearly halfway between the two and for CV it is closer to the
monomer. For reasons outlined above, if the air/water interface is less polar than the bulk
and if the SHG bands are due to dimers, we would expect them to occur to the blue of the
solution dimer band. Other factors may account for the apparent red-shift. The dimer
structures may be slightly different at the interface than in the bulk. If the separation of the
dye units within the dimer were a little longer, for example, this would reduce the aggregate
induced blue shift relative to the monomer.” It could be that the environment around the
adsorbates experiences a higher polarity due to intermolecular interactions among the
adsorbates. This effect has been reported in several studies especially for rhodamines on
silica, albeit for dyes adsorbed on solid substrates rather than for aqueous interfaces. Kemnitz
et al.”® and then Peterson and Harris®® observed this as red shift in absorption band for
rhodamine B on silica as a function of coverage. More recent examples can also be found in
the work by Leach and coworkers on MG and R6G,”** also on silica.”’

One of the major results from the polarization studies is the measurement of the
orientation of the aggregates with respect to the surface and that the orientation is not
strongly affected by changes in solution composition. As shown in Table 3, for all three dyes
both with and without salt, the | 45 signals (for y= 45°) are much lower than for |, (all y) and
lpp/lps 15 0.45-0.80. |5 was too small for us to detect in half of the samples (for OX720 and
CV without salt and CV with salt). | is small in all cases, whether we were able to detect it
or not, and the p-out ratio, /I, 1s the same with and without salt for each dye within our
uncertainty (which is about 20% for the intensity ratios); the difference between solutions

with and without salt is about 13% for CV and OX720 and 22% for NB. The p-out ratio was
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also found to be the same for concentrations from 10°-10* M for 0X720 with salt. The weak
polarization dependence indicates that the SHG intensity originates from one species, the
dimer, for each dye regardless of solution composition and that the associated changes in the
SHG signals are due to surface coverage rather than orientation changes.”®

There are previous reports of SHG studies that have found that the adsorbate
orientation was not affected by the solution composition or surface coverage. While
investigating the effects of salts on surface coverage at the air/water interface for PNP, Das et
al.**" measured the polarization dependence and found that the orientation was unaffected.
Similarly, Frey and coworkers®' characterized the effect of TBP on the PNP coverage at the
dodecane/water interface and determined that no orientation changes occurred. For
submonolayer coverages of Rhodamine 110 (R110) on silica, Morganthaler and Meech®
concluded that the orientation did not change. Leach and coworkers™ investigated the R6G
system and their results indicate a change in the polarization dependence or orientation only
for coverages exceeding a monolayer.

The relative susceptibilities, X, were determined and used to derive the molecular
parameters 6 and S as described above. The X's indicate that the analysis should include at
least two hyperpolarizabilities and we have taken fzxx and Bxxz to be dominant. This is
consistent with the dye structures and follows the precedent established for planar aromatic
dyes for SHG involving a resonance with a transition from the ground to the first electronic
state.”>**** Using a single B is more often appropriate for probe wavelengths far from

resonance. The results are presented in Table 3. There is about 30% uncertainty in the

assumed values for the interface dielectric constant and this propagates to + 3° in the values
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for 6. The calculations were also performed for the samples in which | was not detected for
purposes of illustration. The values determined for B demonstrate that both susceptibilities
contribute significantly. The orientation parameters are close to 0.90 for all the samples.
The orientation angles 6 were calculated using Equation 10 assuming the distribution with
respect to the x-axis is either narrow about 0= 0° or is random with respect to 8. The values
for Bare 12-26°. There is no difference in 8 within our uncertainty for each dye, with or
without salt, demonstrating that the dimer orientation is not strongly affected by the presence
of salt. There does appear to be a slight difference among the dyes, in which the alignment
of the x-axis with the surface normal is highest for NB and lowest for CV. The results
indicate that for all the dyes the X-axis, the short, in-plane axis, is more perpendicular than
parallel to the surface. All three dye aggregates have similar orientation angles. This is not
surprising since they have very similar chemical structures, differing only in the ordering of
the substituents on the two terminal amine groups and an addition methyl group for OX720.
At the same time, there are appreciable differences in the bulk K4’s, OX720 > NB > CV, and
for the adsorption free energies, CV > NB = 0X720. The angles obtained for 6 for the
oxazine dye dimers at the air/water interface are slightly lower than those (30-40°) measured
for other polyaromatic dyes on water.”>>° It is quite possible that the oxazine dimers are
situated with a range of angles, that the distribution has an appreciable width. It is not
possible to determine the width and mean of the distribution with the SHG polarization
results alone. One way to accomplish this is to combine the SHG results with another
orientation sensitive measurement, such as linear polarization spectroscopy.®” If the

distribution is considered to be a Gaussian in 8, G(6), then
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_ <G(6) cos3(6)>
b©) = (G(8) cos(8))

3y

yields solutions for D in which the mean angle decreases as the width is increased.
Therefore, to the extent the assumed distribution affects 6, which we find to be small (less
than 1°), our results based on a narrow distribution represent an upper limit if the distribution
is Gaussian.

An alternative method for analyzing the orientation angle was presented by Peterson
and Harris® and applied for two hyperpolarizabilities by Higgins et al.” If the constraints on
O are removed, an expression based on Equation 8 can be developed for the molecular
orientation with respect to the long, in-plane x-axis, ¢:

cos’(€) = cos’(d)sin’(0) = (14287 (12)
Xzzz 2 X 7xx

The derived angles for £ are listed in Table 3. They are all near 75°, which indicates that the
dimers have their long axes almost parallel to the surface. The result for ¢ for each solution
mathematically corresponds to a family of solutions in terms of dand 6 as shown by Kikteva
et al.>* for their results of R6G on silica. The values of 6 which can satisfy Equation 12 run
from some minimum value (~15° in this study) to 8=90°. The minimum in 6 occurs at

0= 0°, for which 6 = asin(cosf). For the case of 8=90°, 5= £. Kikteva et al.>*

demonstrated the useful check that the value of 8 determined for = 0° should correspond to
the one obtained from the orientation parameter. The angles for & are somewhat higher than

those reported for MB dimers™ on silica, & = 60°.
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Conclusions

Steady-state SHG studies have been carried out for oxazine dyes at the air/water
interface. The dyes readily aggregate in the bulk and the combined evidence from various
types of SHG measurements indicate that the SHG arises from dimers. The SHG spectra and
and polarization dependence results indicate that a predominant surface species that is not
strongly affected by the composition of the solution is the source. The signals depend on the
solution composition in a manner that reflects aggregation in the bulk. Levinger et al.** also
found that the SHG signals they observed for a soluble dye in liquid water originated from
aggregates. It has been shown in previous studies of adsorbates at the air/water interface that
it is less polar than bulk water and that less polar molecules adsorb preferentially. This is
consistent with our conclusions that the less polar oxazine dimers are preferred at the
interface over the monomeric species. Furthermore, our results provide further evidence that
hydrophobicity induces adsorption at the air/water interface. The higher degree of
aggregation at the air/water interface suggests that the enhanced aggregation observed for the

284649 may have a contribution from the liquid phase as

oxazine at aqueous/solid interfaces
well as the solid. The high propensity for aggregation at the air/water interfaces also means
that organic species involved in marine surface chemistry are more likely to be affected by

this process. Further studies on this system, including ultrafast measurements to characterize

the excited state dynamics, will be published shortly.
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factor of 2.

It is also possible that the absolute, if not relative, values for the hyperpolarizibilities
vary with composition. (The relative ones, given by 3, from the polarization studies,
were found to be fairly insensitive to changes in the solution). The dimer structure
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because there is a higher fraction of dimers in this case.
Marowsky, G.; Gierulski, A.; Dick, B. Optics Comm. 1985, 52, 339-342.

The cationic dyes can have several charge states; it is unlikely that the charge is altered
at the surface based on the large spectral shifts measured by Gvishi, Reisfeld, and Eisen
[Chem. Phys. Lett. 1989, 161, 455 — 460] for the neutral and dicationic forms of nile

blue.
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Note that for the studies carried out for dyes on silica, the substrates are not very polar
so that it is relatively easy for intermolecular interactions to raise the polarity. The
polarity of water is certainly higher and although at the interface it is lower than bulk
water, it is probably more difficult to raise the medium polarity at the water surface

through adsorbate interactions than it is on silica.

Monomeric species are obviously more likely to be found at the surface if they are

insoluble. There have been many previous studies of insoluble organic molecules at
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interfaces, such as for Langmuir-Blodgett films, in which the monomer is detected at

the surface.
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Tables

Table 1 — Peak positions and K for the oxazine dyes”

Solution Surface
Dye VM / nm Vp/nm Kq/MP® Vsug/nm  Av/nm
oxazine 720° 620 570 2.0% 107 569 88
20+0.5x107°¢
10*-107¢
cresyl violet 580 550 3.1%10™ 574 76
nile blue 630 590 1.0x 10" 597 79

Solution values are for dye solutions without salt. Surface values are from SHG

measurements for the salted solutions shown in Figure 3. Band center
wavelengths (in nm) for solutions with salt are: NB 635 (monomer) and 590
(dimer), CV 590 (monomer) and 550 (dimer), OX720 620 (monomer) and 565

(dimer).

® The uncertainties in Ky are estimated to be + 30%. Compared to the solutions
without salt, the K4 with salt were found to be lower by a factor 2 for OX720 and

3 for NB and CV.

Reference 37.

4 Reference 35.

Using Triton X to determine Ky yields a value of 1.9 x 10° M.

Table 2 — AG,4 for oxazine dyes with and without salt added

AG,q / (kcal mol™)?

Dye w/o salt w/ salt
oxazine 720 -10.4 -14.6
nile blue -9.7 - 14.1
cresyl violet - -9.6

* The uncertainty in AG,q is =1 kcal/mol.
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Table 3 — Results from the SHG polarization dependence measurements for
oxazines at the air/water interface®

5=45°, .
X 0=0°

random B | &deg

D O/deg D O/deg

[NaCl] Iﬂ I 5,45 Xzzz Xxxz
/M l ps l ps szx szx

0 045 | 0.023 | 0.14 0.20 0.91 17.2 0.96 12.1 0.25 77.9

nile blue

0.01 0.58 [0.0081 | 0.18 0.12 0.88 20.3 0.94 14.2 0.19 75.8

0 0.63 [<0.054| 0.33 0.31 0.84 23.4 0.92 16.3 0.41 73.7

oxazine 720

0.1 0.55 | 0.018 | 0.26 0.18 0.85 225 0.93 15.7 0.27 74.3

0 0.81 [<0.051| 0.43 0.30 0.81 26.0 0.90 18.0 0.42 72.0

cresyl violet

0.1 0.70 [<0.051| 0.37 0.30 0.83 245 0.91 17.0 0.41 73.0

a. See text for details concerning the analysis. The dye concentrations were in the range
5%10° -2 % 10" M. All measurements were conducted with the ultrafast laser
system and at an incident angle of 60° except for oxazine 720 with salt for which the
results listed were obtained with the picosecond OPA system at an angle of 40°.

b. For 0= 45° or for a random distribution, Y =1, and for 6= 0°, Y =2. Yis a coefficient
that appears in the equation for the orientation parameter D that depends on the
assumed nature of the orientation distribution for J, the angle of rotation about the
z-axis. 0= 0° corresponds to the y-axis parallel to the surface.’
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Figure Captions

Figure 1 —
Figure 2 —

Figure 3 —

Figure 4 —

Figure 5 —

Molecular structure of oxazine dyes

[lustration of monomer / dimer striping procedure for nile blue described in the
text. The dot — dash line is the extinction spectrum for the monomer (&v)
obtained at 2.0 x 10° M. The dimer extinction (&p/2, dashed line) was obtained by
subtracting (1 - X)&y from a spectrum measured at 3.8 x 10 M (open circles).
The dimer spectrum and Ky from X were used to model (solid line) the curve for
9.2 x 10 M (closed circles). See Table 1 for results.

SHG spectra and linear absorbance spectra for a) nile blue, b) cresyl violet, and c)
oxazine 720. The closed circles are the data and the dashed line is the curve based
on a fit to a Gaussian. The solid and dot — dash lines are linear spectra for the
visible and UV regions respectively, where the latter is plotted on the upper
wavelength scale.

Langmuir isotherms measured for NB a) with and b) without salt in the solutions.
The SHG intensities are plotted as a function of the dimer concentration
calculated from the added dye and K4. In the inset of a), the data is plotted as a
function of the input monomer concentration. The inset of b) is plotted on an
expanded concentration range which shows that the signal reaches a maximum
and decreases. The values obtained for AG,4 can be found in Table 2.
Polarization dependence of SHG intensities: a) OX720 with 0.1 M NaCl and b)
nile blue. The closed and open circles represent the |, and | data respectively and
the solid lines are from the analysis using equation 7. The | data in b) is

multiplied by a factor of 10 for presentation.
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Normalized Absorbance
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